Recently, we and others have found that hyperfiltration-associated increase in biomechanical forces, namely, tensile stress and fluid flow shear stress (FFSS), can directly and distinctly alter podocyte structure and function. The ultrafiltrate flow over the major processes and cell body generates FFSS to podocytes. Our previous work suggests that the cyclooxygenase-2 (COX-2)-PGE 2-PGE2 receptor 2 (EP2) axis plays an important role in mechanoperception of FFSS in podocytes. To address mechanotransduction of the perceived stimulus through EP2, cultured podocytes were exposed to FFSS (2 dyn/cm 2 ) for 2 h. Total RNA from cells at the end of FFSS treatment, 2-h post-FFSS, and 24-h post-FFSS was used for whole exon array analysis. Differentially regulated genes (P Ͻ 0.01) were analyzed using bioinformatics tools Enrichr and Ingenuity Pathway Analysis to predict pathways/molecules. Candidate pathways were validated using Western blot analysis and then further confirmed to be resulting from a direct effect of PGE 2 on podocytes. Results show that FFSS-induced mechanotransduction as well as exogenous PGE 2 activate the Akt-GSK3␤-␤-catenin (Ser552) and MAPK/ERK but not the cAMP-PKA signal transduction cascades. These pathways are reportedly associated with FFSS-induced and EP2-mediated signaling in other epithelial cells as well. The current regimen for treating hyperfiltration-mediated injury largely depends on targeting the renin-angiotensin-aldosterone system. The present study identifies specific transduction mechanisms and provides novel information on the direct effect of FFSS on podocytes. These results suggest that targeting EP2mediated signaling pathways holds therapeutic significance for delaying progression of chronic kidney disease secondary to hyperfiltration.
INTRODUCTION
Normal glomerular filtration rate is important for maintaining homeostasis. A decrease in functional nephron mass results in adaptive changes in glomerular hemodynamics termed "hyperfiltration." Glomerular hyperfiltration begins even before metabolic changes and clinical signs of chronic kidney disease (CKD) start to manifest. Hyperfiltration involves increased renal blood flow, glomerular capillary pressure (P GC ), singlenephron glomerular filtration rate (SNGFR), filtration fraction, and decreased hydraulic conductivity associated with glomerular hypertrophy (6, 7) . Traditionally, hyperfiltration-mediated injury has been studied using analysis of these hemodynamic parameters. However, several aspects of hyperfiltration remain poorly explained. These include the changes in podocyte structure/function and consequential loss of glomerular filtration barrier resulting in albuminuria. Therefore we and others have started reconsidering hyperfiltration in terms of biomechanical forces within the glomerulus (30, 31, 48, 54) . We believe that investigating the effect of biomechanical forces on podocytes within the glomerulus may provide a better understanding of hyperfiltration-mediated kidney injury.
Localized in Bowman's space, podocytes are exposed to mechanical forces, namely, tensile stress and fluid flow shear stress (FFSS; 16, 19, 51, 52) . Glomerular capillary pressure (P GC ) in the vascular compartment stretches the podocyte foot processes. This outwardly directed force working perpendicular to the direction of blood flow in the capillary generates tensile stress on the basolateral aspect of the podocytes that tightly cover the capillary on the outside through foot processes (16) . Additionally, the flow of glomerular ultrafiltrate through Bowman's space creates shear stress on the surface of the podocyte cell body. FFSS is believed to be largely exerted over the major processes and the soma of podocytes (19, 52) . Thus P GC and SNGFR become the principal determinants of tensile stress and FFSS, respectively (15, 42, 54) .
Recent work showed a 1.5-to 2.0-fold increase in the calculated FFSS over podocytes in unilaterally nephrectomized mice or rats (51) . FFSS applied to podocytes in vitro resulted in an altered actin cytoskeleton, upregulation of cyclooxygenase-2 (COX-2), and increased secretion of prostaglandin E 2 (PGE 2 ; 52). We found that weak basal expression of prostanoid receptor PGE 2 receptor 2 (EP2) in podocytes was upregulated by FFSS (53) . Subsequent studies both in vitro and in vivo showed that FFSS resulted in increased expression of prostanoid receptor EP2 but not EP4 (50) . Our previous work indicated that the COX-2-PGE 2 -EP2 axis plays a key role in mechanoperception, i.e., how podocytes perceive the force. The next logical step in this pursuit addresses mechanotransduction, i.e., how the podocyte converts mechanical stimulus into biochemical changes that elicit specific cellular responses.
Since PGE 2 receptors are known to activate diverse signaling pathways, it is likely that FFSS affects a large number of proteins through the COX-2-PGE 2 -EP2 axis. Of the four PGE 2 receptors, only EP2 activation results in nuclear translocation of activated ␤-catenin through five known intermediate mechanisms ( Fig. 1) . EP2 is a G protein-coupled receptor that activates the heterotrimeric (␣␤␥) Gs protein leading to 1) release of G␤␥ complex, which activates phosphatidylinositol 3-kinase (PI3K)/Akt, which phosphorylates and inactivates GSK3␤ (49, 56) , 2) binding of the G␣ complex to axin and release of ␤-catenin from the axin-␤-catenin-GSK3␤ complex, 3) generation of cAMP and activation of PKA, which activate ␤-catenin (23, 33, 57) , 4) recruitment of ␤-arrestin-1 and phosphorylation of Src-kinase, which transactivates the EGF receptor (EGFR) signaling network of the PI3K/Akt, hepatocyte growth factor (HGF)/tyrosine-protein kinase Met (c-Met), and Ras/ERK pathways (10, 11, 41) , and 5) activation of PI3K/Akt leading to activation of ERK (43) . Studies suggest that phosphorylation at Ser552 or Ser675 induces ␤-catenin translocation to the nucleus with Akt preferentially phosphor-ylating ␤-catenin at Ser552 while PKA preferentially phosphorylates ␤-catenin at Ser675 (17, 21, 23, 55) . A contemporaneous comprehensive analysis of several pathways appeared a suitable approach. Therefore, we planned to determine the effect of FFSS on genome-wide expression using exon array analysis with a secondary goal to explore the predicted signaling molecules and pathways and their intersection with known EP2-mediated signaling. To predict the signaling pathways, networks, and molecules, we used two bioinformatics tools, Enrichr and Ingenuity Pathway Analysis. Pathways activated by EP2 and those activated in other epithelial cells by FFSS were selected for further validation. Briefly, our results show that mechanotransduction in podocytes involves Akt-GSK3␤-␤-catenin (Ser552) and possibly MAPK/ERK signaling but not cAMP-PKA.
MATERIALS AND METHODS

Cell Culture
These studies were performed using protocols approved by the Institutional Animal Care and Use Committee, Safety Subcommittee, and the R&D Committee at the Veterans Affairs Medical Center, Kansas City, MO. Conditionally immortalized female mouse podocyte line (kind gift from Dr. Peter Mundel) with thermosensitive tsA58 mutant T-antigen was used in these studies (47) . Podocytes were propagated in RPMI 1640 with L-glutamine supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 0.1 mg/ml streptomycin (Invitrogen, Carlsbad, CA) under permissive conditions with 10 U/ml of ␥-interferon (Cell Sciences, Norwood, MA) and incubation at 33°C. Cells were transferred to nonpermissive conditions (37°C without ␥-interferon) to induce differentiation. Three glass slides (25 ϫ 75 ϫ 1 mm; Fisher Scientific, Pittsburgh, PA) were maintained in one culture dish containing 12 ml of culture medium. The medium was changed 24 h before the application of FFSS. Differentiated podocytes were used for FFSS experiments on day 14.
Fluid Flow Shear Stress Application
Fluid flow shear stress was applied to differentiated podocytes using a Flexcell Streamer Gold apparatus (Flexcell International, Hillsborough, NC) as described earlier (50) . FFSS was applied at 2 dyn/cm 2 (or 75 ml/min) for 2 h at 37°C with 5% CO2. Podocytes on a set of slides (untreated control group) were placed in the same incubator but were not exposed to FFSS. A three-way stopcock was attached to collect 1.5-ml aliquots of the medium at 0, 30, and 120 min during application of FFSS ( Fig. 2 ). Collected medium was used for cAMP assay. Following FFSS treatment, podocytes on slides were returned to the original medium for recovery for up to 24 h in the incubator at 37°C under 5% CO 2 humidified atmosphere. Samples obtained before exposing cells to FFSS, at the end of FFSS treatment, and at 2 and 24 h following FFSS treatment were termed Pre-FFSS (or Control), End-FFSS, Post-2 h FFSS, and Post-24 h FFSS, respectively. Pre-FFSS (Control), End-FFSS, and Post-2 h/24 h FFSS cells were harvested for analysis ( Fig. 2 ). We chose post-2 h FFSS and post-24 h FFSS time points as a reflection of early and late changes based on published studies on podocytes and osteocytes (11, 50, 53, 61) . In addition, podocytes were treated with PGE 2 without application of FFSS and harvested at 0, 2, 5, 15, 60, and 120 min.
Affymetrix GeneChip Mouse Exon 1.0 ST Array
Control and FFSS-treated podocytes were processed using the TRIzol/Phaselock protocol. Total RNA fraction was purified by RNA Clean-Up protocol using an RNeasy mini kit (no. 74104; Qiagen). RNA bound to the RNeasy column was treated with RNase-free DNase (no. 79254, Qiagen), eluted and quantitated using a Nanod- Fig. 1 . A compiled summary of signaling pathways activated by prostanoid receptor PGE2 receptor 2 (EP2) in osteocytes, neurodegenerative diseases, and colon cancer (see text for details). EP2 is a G protein-coupled receptor that activates the heterotrimeric Gs (␣␤␥) protein. ␤-Catenin can be recruited by EP2-mediated signaling by 1) phosphatidylinositol 3-kinase (PI3K)/Akt/ GSK3␤, which preferentially phosphorylates ␤-catenin at Ser552, 2) binding of the G␣ complex to axin and release of ␤-catenin from the axin-␤-catenin-GSK3␤ complex, 3) generation of cAMP by adenylate cyclase (AC) and activation of PKA, which preferentially phosphorylates ␤-catenin at Ser675, 4) recruitment by EP2 of ␤-arrestin 1 and phosphorylation of Src-kinase, which then transactivates the EGF receptor (EGFR) signaling network of PI3K/Akt, and 5) the hepatocyte growth factor (HGF)/tyrosine-protein kinase Met (c-Met) pathway. The study found Akt-GSK3␤-␤-catenin and ERK (shown in red and bold font), but not cAMP-PKA (shown in blue and italic font), to be important in mechanotransduction. CREB, cAMP-response element-binding protein; EPAC, exchange protein directly activated by cAMP; Rap, Rap GTP-binding protein.
rop-1000 spectrophotometer. Aliquots were analyzed on an Agilent 2100 Bioanalyzer using the RNA6000 LabChip Nano kit version II for quality assessment and quantification of RNA. The Affymetrix GeneChip Mouse Exon 1.0 ST Array (Thermo Fisher Scientific) with over 4.5 million unique 25-mer oligonucleotides constituting~1.2 million probe sets, with~4 probes per exon and~40 probes per gene, was used. For gene-level expression analysis, multiple probes on different exons were summarized into a single gene-level expression data point. Two performance controls were incorporated into each array run: 1) target amplification and labeling control were incorporated by adding polyadenylated transcript controls from Bacillus subtilis using a Poly-A Control kit (no. 900433; Affymetrix) and 2) GeneChip hybridization was controlled by the addition 3= Amplification Reagent Hybridization Controls (no. 900454; Affymetrix). Data were normalized using the Robust Multichip Average algorithm, which consisted of four steps: a background adjustment, quantile normalization, log 2 transformation, and final summarization. The data discussed in this publication have been deposited in the National Center for Biotechnology Information's Gene Expression Omnibus (GEO) and are accessible through GEO Series accession no. GSE99988. Array data were analyzed using Partek Genomics Suite (http://www.partek.com/pgs). Two-way ANOVA with group and replicate effects were fitted to the model, and the confounding effects of replication were adjusted by the ANOVA model.
Kinases, Transcription Factors, and Protein-Protein Interaction Hubs Predicted Using Enrichr
Genes showing significant changes in expression compared with control (P Ͻ 0.01) were selected for input into Enrichr (http:// amp.pharm.mssm.edu/Enrichr) to predict kinases, transcription factors, and protein-protein interaction hubs at P Ͻ 0.05 (8) . The Kinase Enrichment Analysis (KEA) gene set library in Enrichr contains kinases and their known substrates as available in the Human Protein Reference Database (HPRD), PhosphoSite, PhosphoPOINT, Phospho.ELM, NetworKIN, and Molecular Interaction (MINT) databases. ChIP-x Enrichment Analysis (ChEA) is a gene set library in Enrichr that contains putative targets for transcription factors, based on reports profiling transcription factors binding to DNA in mammalian cells. The Protein-Protein Interaction Hubs gene set library is made from a human protein-protein interaction network.
Results for the group comparisons between End-, Post-2 h, or Post-24 h FFSS and the control groups were further investigated to identify the common kinases, transcription factors, and protein-protein hubs that were present across all three group comparisons. Biological significance of the results was then cross-referenced with published literature before laboratory validation.
Functional Annotation and Pathway and Network Analyses Using Ingenuity Pathway Analysis
To identify overrepresented canonical pathways, processes, and networks, the lists of differentially expressed genes (P Ͻ 0.01) within the three comparison sets (End-FFSS vs. Control; Post-2 h FFSS vs. Control; and Post-24 h FFSS vs. Control) were submitted for Ingenuity Pathway Analysis (IPA; Qiagen, Germantown, MD). Core analysis was performed by comparing the significant genes with the knowledge base within IPA, which comprises curated pathways within the program. IPA predicted significant biological functions and pathways (P Ͻ 0.05, Fisher's exact test) affected in podocytes following exposure to FFSS. In addition, IPA was used to predict both upstream biological regulators and downstream effects on cellular and organismal biology. The settings for core analyses were as follows: Ingenuity Knowledge Base; "endogenous chemicals" included; "direct" and "indirect" relationships; molecules per pathway, 35; and networks per analysis, 25.
Enzyme Immunoassay to Determine Changes in Secreted and Intracellular cAMP
In a set of experiments, podocytes were incubated with isobutylmethylxanthine (IBMX; 0.5 M, 15 min) to inhibit phosphodiesterase activity before applying FFSS. Levels of cAMP in media were measured using a cAMP EIA kit (no. 581001; Cayman Chemical, Ann Arbor, MI), collected at 0, 30, and 120 min, post-2 h, and post-24 h, and cell lysate was collected at end, post-2 h, and post-24 h following the manufacturer's instructions.
Western Blotting to Determine Protein Phosphorylation of Kinases in Podocytes
Podocytes were lysed with radioimmunoprecipitation assay buffer containing protease and phosphatase inhibitors following application of FFSS. Total protein was determined using a DC Protein Assay Kit (Bio-Rad, Hercules, CA). Western blotting was performed as described previously (50, 53) . Briefly, proteins were denatured in the sample buffer containing ␤-mercaptoethanol at 94°C for 5 min. Total protein (10 g/lane) was electrophoresed by SDS-PAGE using a 10% Tris-glycine gel. Proteins were transferred to a polyvinylidene difluoride membrane, washed with PBST (0.1% Tween 20), and blocked using 5% nonfat milk powder. Antibodies to the following proteins were used at the dilutions indicated: Akt (cs-2938 at 1:1,000), phospho-Akt (Ser473) (cs-4060 at 1:2,000), GSK3␤ (cs-9315 at 1:1,000), phospho-GSK3␤ (Ser9) (cs-9336 at 1:1,000), ␤-catenin (cs-8480 at 1:1,000), phospho-␤-catenin (Ser675, cs-4176; and Ser552, cs-5651; Left: outline of the apparatus used for applying fluid flow shear stress (FFSS) to podocytes. The "fluid chamber" contains cells grown on six glass slides placed for FFSS studies, and a three-way stopcock is attached to collect media during application of FFSS. Right: experiment design for collecting supernatant culture medium, cells for RNA, and protein extraction at four different experimental time points (Pre-FFSS or Control, End-FFSS, Post-2 h FFSS, and Post-24 h FFSS). at 1:1,000), ERK1/2 (cs-4695 at 1:1,000), phospho-ERK 1/2 (Thr202/ Tyr204) (cs-4370 at 1:2,000), p38 MAPK (cs-9212 at 1:1,000), phospho-p38 MAPK (Thr180/Tyr182) (cs-9215 at 1:1,000), PKA (cs-4782 1:1,000), and phospho-PKA (Thr197) (cs-4781 at 1:2,000) from Cell Signaling Technology, Danvers, MA, and ␤-actin (A5441 at 1:50,000; Sigma). After washing with PBST, the membrane was incubated with horseradish peroxidase-conjugated secondary antibody to each primary antibody. Chemiluminescence (Pierce, Rockford, IL) reagent was used for detection on X-ray film. Developed X-ray films were imaged and analyzed using FluorChem using built-in Alpha-EaseFC software (Alpha Innotech, San Leandro, CA). Samples from n ϭ 4 -6 replicates for each experimental treatment were analyzed.
Statistics
In addition to statistical software built within the bioinformatic tools Partek, Enrichr, and IPA, we used SPSS 23 statistical software for multiple group comparisons. The independent-samples Kruskal-Wallis test was used to compare cAMP levels and phosphorylated protein-to-total protein ratios on Western blots across multiple groups. A P value Ͻ0.05 was considered significant.
RESULTS
Exon Array Analysis Shows Altered Gene Expression in Podocytes Following Application of FFSS
The RNA integrity numbers for Control, End-FFSS, Post-2 h FFSS, and Post-24 h FFSS RNA samples were 9.1 Ϯ 0.2, 9.4 Ϯ 0.1, 9.2 Ϯ 0.2, and 9.4 Ϯ 0.1 (means Ϯ SD), respectively. Two performance controls were incorporated into each array run: 1) polyadenylated transcript from B. subtilis (Poly-A Control kit, no. 900433; Affymetrix) as target amplification and biotin-labeling control and 2) 3=-Amplification Reagent (Hybridization Controls, no. 900454; Affymetrix) as a control for GeneChip hybridization. Hybridization controls were composed of biotin-labeled Escherichia coli transcripts (bioB, bioC, bioD, and cre), which were spiked at increasing concentrations into the hybridization cocktail. The results of quality controls are not shown here but are available at http:// bioinformatics5.kumc.edu/mdms/login.php.
We examined raw data output containing 23,292 genes to determine the patterns of all gene expression in experimental groups using principal component analysis (PCA). The first three principal components summarized 58.9% of variation, where the number of the principal components was determined by scree plot. Our analysis adjusted for batch effects. Within each replicate (batch), Control, End-FFSS, Post-2 h FFSS, and Post-24 h FFSS were well separated in the first three principal components. The sample density histogram indicated little variation among treatment groups for gene expression intensity Ͻ3. Thus genes with mean expression intensity Ͻ3 and genes with no RefSeq ID were eliminated, and 17,494 genes remained in the study. The numbers of genes that were differ-entially regulated based on different breakdowns for fold change and P value are shown in Table 1 . The Volcano plots show the distribution of all genes across fold change and P values (Fig. 3A ). The genes that were differentially expressed at P Ͻ 0.05 and fold change Ͼ1.75 are shown in Fig. 3B and Table 2 . The four genes common to all three experimental groups were activity-regulated cytoskeleton-associated protein (Arc), early growth response protein-1 (Egr1), C-C motif chemokine ligand 7 (Ccl7), and nuclear receptor subfamily 4 group A member 1 (Nr4a1). Molecules/pathways detected in all experimental groups. KEA, ChEA, and PPI were applied to identify similarities between End-, Post-2 h, and Post-24 h FFSS groups. Three kinases, 151 transcription factors, and 36 hub proteins were identified common to 3 experimental groups as shown in Table  3 , and the overlap between the 3 experimental groups for KEA, ChEA, and PPI Hubs analysis is shown as a Venn diagram ( Fig. 4 ). The KEA predicted GSK3␤ and ERK as potential kinases. Akt1 on PPI Hubs is upstream of GSK3␤. The upstream and downstream molecules associated with MAPK/ ERK on PPI Hubs included Raf1, mothers against decapentaplegic homolog 3 (SMAD3), and SMAD4. The activator protein-1 (AP-1) complex of c-Fos and c-Jun found on PPI Hubs is known to be regulated by ERK and GSK3␤. EGFR is associated with Akt, MAPK, and JNK.
Kinases, Transcription Factors, and Protein-Protein Interaction Hubs Predicted Using Enrichr in FFSS-Treated Podocytes
Thus, using KEA, ChEA, and PPI Hubs and the predicted EP2-mediated signaling, we identified Akt-GSK3␤-␤-catenin and MAPK/ERK as potential signaling pathways in FFSS. PPI Hubs also identified other serine/threonine kinases such as cyclin-dependent kinases (CDK1 and CDK2), protein kinase C (PRKCA and PRKCB), and ribosomal S6 kinase (RPS6KA3) and a possible role for histone acetylation suggested by cAMP- 
Pathways and Networks Predicted Using IPA in Podocytes Following Application of FFSS
Canonical pathway analysis. IPA identified 70, 167, and 32 canonical pathways that were significantly altered (P Ͻ 0.05) at End-, Post-2 h, and Post-24 h FFSS, respectively (Supplemental File C). The IPA also suggested nine canonical pathways that showed changes in all three groups (Table 4 ). In addition, rank order distribution showed that "MAPK/ERK signaling" and "LPS-stimulated MAPK signaling" were trending upward while "GNRH signaling" and "cholecystokinin/ gastrin-mediated signaling" (where GNRH is gonadotropinreleasing hormone) were trending down ( Fig. 5 ). Additionally, FFSS was also associated with 1) "production of nitric oxide (NO) and reactive oxygen species in macrophages" and 2) "salvage pathways of pyrimidine ribonucleotides." Network analysis. IPA identified 22, 45, and 19 networks at End-, Post-2 h, and Post-24 h FFSS, respectively (Supplemental File D). IPA also detected three networks that were shared by all three groups, namely, 1) "lipid metabolism, molecular transport, small molecule biochemistry," 2) "developmental disorder, hereditary disorder, metabolic disease," and 3) "hereditary disorder, neurological disease, organismal injury and abnormalities."
Upstream regulator analysis. The upstream regulators included transcription regulators, kinases, cytokines, transmembrane receptors, growth factors, transporters, etc., at End-, Post-2 h, and Post-24 h FFSS. IPA identified 35, 136, and 4 upstream regulators at End-, Post-2 h, and Post-24 h FFSS, respectively. These data are shown in Supplemental File E. The upstream regulators detected in all three groups are shown in Fig. 6 . The transcription factor ␤-catenin was present in all three groups. Transcription factor ␤-catenin would be relevant to the MAPK/ERK and LPS-Stimulated MAPK Signaling identified in the nine canonical pathways (Table 4 ). Enrichr analysis of genes sets that were differentially expressed (P Ͻ 0.01) in podocytes following application of fluid flow shear stress. KEA, Kinase Enrichment Analysis; ChEA, ChIP-x Enrichment Analysis; PPI Hubs, Protein-Protein Interaction Hubs. Transcription factors: AR, androgen receptor; CCND1, cyclin-D1; CEBPB, CCAAT/enhancer-binding protein-␤; CHD1, chromodomain-helicase-DNA-binding protein-1; CLOCK, basic helix-loop-helix-PAS transcription factor; CNOT3, C-C chemokine receptor type 4 (CCR4)-NOT transcription complex subunit 3; CREB1, cAMP-response element-binding protein-1; CREM, cAMP-response element modulator; CTCF, CCCTC-binding factor; CTNNB1, ␤-catenin; CUX1, cut-like homeobox 1; DACH1, Dachshund homolog 1; DNAJC2, dnaJ homolog subfamily C member 2; E2F, E2 factor; EGR1, early growth response protein-1; ELF1, E74-like factor 1; ELK1, erythroblast transformation-specific (ETS) domain-containing protein-1; EOMES, eomesodermin; EP300, E1A-associated protein p300; ERG, ETS-related gene; ESR1, estrogen receptor 1; ESRRB, estrogen-related receptor-␤; EST1, telomerase-activating protein-1; ETS1, E26 transformation-specific sequence-1; FLI1, friend leukemia integration 1; FOX, forkhead box protein; GABP, GA-binding protein; GATA1-4, GATA-binding factor 1-4; GFI1B, zinc finger protein Gfi-1b; HNF4A, hepatocyte nuclear factor 4␣; HOXB4, homeobox protein Hox-B4; JARID1A, lysine-specific demethylase 5A; KDM5B, lysine-specific demethylase 5B; KLF, Krueppel-like factor; LMO2, LIM domain only 2; MEF2A, myocyte-specific enhancer factor 2A; MEIS1, homeobox protein Meis1; MITF, microphthalmia-associated transcription factor; MTF2, metal-response element-binding transcription factor 2; MYB, Myb proto-oncogene protein; MYC, Myc proto-oncogene protein; MYCN, N-myc proto-oncogene protein; NACC1, nucleus accumbens-associated protein-1; NANOG, homeobox protein Nanog; NFE2L2, nuclear factor (erythroid-derived 2)-like 2; NR0B1, nuclear receptor subfamily 0 group B member 1; NR1I2, nuclear receptor subfamily 1 group I member 2; NRF2, nuclear factor E2-related factor 2; PADI4, protein-arginine deiminase type 4; PAX3-FKHR, paired box protein Pax-3-FKHR protein; PDX1, pancreas/duodenum homeobox protein-1; PHF8, plant homeodomain finger protein-8; POU5F1, POU domain, class 5 transcription factor 1; PPARD and PPARG, peroxisome proliferator-activated receptor-␦ and -␥, respectively; PRDM14, PR domain zinc finger protein-14; RAD21, double-strand-break repair protein rad21 homolog; RCOR3, repressor element-1 silencing transcription factor (REST) corepressor 3; RNF2, E3 ubiquitin-protein ligase RING2; RUNX1, runt-related transcription factor 1; SALL4, Sal-like protein-4; SCL, stem cell leukemia transcription factor; SETDB1, histone-lysine N-methyltransferase Setdb1; SFPI1, transcription factor PU.1; SIN, paired amphipathic helix protein; SMAD, mothers against decapentaplegic homolog; SMARCA4, transcription activator BRG1; SOX, SRY-related high-mobility group (HMG) box transcription factor; SPI1, transcription factor PU.1; SRF, serum response factor; SUZ12, polycomb protein Suz12; TAL1, T cell acute lymphocytic leukemia protein-1; TBX, T-box transcription factor; TCF3 and TCF4, transcription factor 3 and 4, respectively; TCFAP2C, transcription factor AP-2␥; TCFCP2L1, transcription factor CP2-like protein-1; TET1, methylcytosine dioxygenase Tet1; TFAP2C, transcription factor AP-2␥; TFEB, transcription factor EB; THAP11, THAP domain-containing protein-11; TRIM28, transcription intermediary factor 1␤; TRP63, tumor protein 63; WT1, Wilms tumor protein homolog; YAP1, Yes-associated protein-1; YY1, transcriptional repressor protein Yy1; ZFP281, zinc finger protein; ZFX, zinc finger X-chromosomal protein. Hub proteins: ATXN1, ataxin-1; CDK, cyclin-dependent kinase; CREBBP, CREB-binding protein; EGFR, EGF receptor; HDAC1, histone deacetylase 1; HSP90AA1, heat shock protein Hsp 90␣; IKBKB, inhibitor of NF-B kinase subunit-␤; NR3C1, glucocorticoid receptor; PPP2CA, serine/threonine-protein phosphatase 2A catalytic subunit ␣-isoform; PRKCA and PRKCB, protein kinase C ␣and ␤-type, respectively; PRKDC, DNA-dependent protein kinase catalytic subunit; RAC1, Ras-related C3 botulinum toxin substrate 1; RAF1, RAF proto-oncogene serine/threonine-protein kinase; RELA, transcription factor p65; RPS6KA3, ribosomal protein S6 kinase-␣3; SFN, 14-3-3 protein-; SUMO1, small ubiquitin-related modifier 1; TP53, cellular tumor antigen p53; TRAF6, TNF receptor-associated factor 6; UBC, polyubiquitin-C.
F27 MECHANOTRANSDUCTION IN FFSS
Thus a large data set analysis approach using bioinformatics tools Enrichr and IPA identified candidate kinases, transcription factors, and protein-protein interaction hubs, canonical pathways, networks, and upstream regulators that may be involved in mechanotransduction in podocytes exposed to FFSS. To validate some of the pathways from the numerous possibilities presented by these analyses, we targeted those reportedly altered by FFSS or those intersecting with EP2mediated signaling in other epithelial cells, e.g., osteocytes and renal tubular cells (Fig. 1) .
Fluid Flow Shear Stress Does Not Increase cAMP Generation in Podocytes
There was no detectable cAMP in the medium at onset (0 min), during FFSS (30 min), or at the end of FFSS (120 min) (Ͻ3 pmol/ml; data not shown). There was no significant change in cAMP levels secreted into the medium or intracellular cAMP in podocytes treated with FFSS.
Levels of cAMP in the medium from podocytes exposed to FFSS were measured before FFSS and during recovery at Figure 7 shows representative results of Western blotting for phosphorylation of Akt, GSK3␤, ␤-catenin, ERK1/2, p38 MAPK, and PKA proteins in podocytes at End-FFSS, Post-2 h FFSS, and Post-24 h FFSS (n ϭ 4 -6). Changes in the phosphorylation of these proteins over the 24-h period following application of FFSS compared with Control are shown as bar graphs (Fig. 7) . The change over time as a group on Kruskal-Wallis test was significant for phospho-Akt (P ϭ 0.003), phospho-GSK3␤ (P ϭ 0.035), and phospho-␤-catenin (Ser552) (P ϭ 0.031) suggesting that the Akt-GSK3␤-␤-catenin pathway is stimulated by FFSS. Although phospho-ERK (P ϭ 0.280) and phospho-p38 MAPK (P ϭ 0.087) showed change over time, it did not reach statistical significance. There was no change in phospho-PKA (P ϭ 0.599) and phospho-␤-catenin (Ser675) (P ϭ 0.164). These results are in line with the molecules identified by KEA, ChEA, protein-protein hub interaction, and EP2-mediated signaling analyses. Figure 8 shows results of Western blotting to determine changes in the phosphorylation of Akt, GSK3␤, ␤-catenin, ERK1/2, p38 MAPK, and PKA proteins at 0, 2, 5, 15, 60, and 120 min in podocytes treated with 1 M PGE 2 (n ϭ 4 -6). Changes in phosphorylation of these proteins over 120 min following incubation with PGE 2 are shown as bar graphs. The change over time as a group on Kruskal-Wallis test was significant for phospho-Akt (P ϭ Ͻ0.001), phospho-GSK3␤ (P ϭ 0.002), and phospho-␤-catenin (Ser552) (P ϭ 0.004) suggesting that the Akt-GSK3␤-␤-catenin pathway is stimulated using PGE 2 . Similarly, phospho-ERK (P Ͻ 0.001), phospho-p38 MAPK (P ϭ 0.001), phospho-PKA (P ϭ 0.007), and phospho-␤-catenin (Ser675) (P ϭ 0.004) changed over time suggesting that MAPK/ERK and PKA pathways are recruited by PGE 2 . 
Western Blot Analysis Demonstrated Changes in Phosphorylation of Kinases in Podocytes Following FFSS Treatment
DISCUSSION
Hyperfiltration-mediated glomerular injury has been implicated in progression of CKD, but the underlying mechanism is not well understood. Our studies address the mechanism of injury from hyperfiltration in terms of changes in hyperfiltration-associated biomechanical forces within the glomerulus rather than conventional hemodynamic parameters. Cellular response to biomechanical forces can be understood through the processes involved in mechanoperception and mechanotransduction. The signaling events involved in mechanotransduction in FFSS-treated podocytes are not known. The present study addressed the changes in the molecules and signaling networks that may contribute to mechanotransduction in podocytes exposed to FFSS.
Podocytes, a significant structural component of the glomerular filtration barrier, are vulnerable to hyperfiltration-associated biomechanical forces, namely, tensile stress and FFSS. We have shown that podocytes are mechanoresponsive (50, 52) . In vitro application of tensile stress causes formation of actin-rich centers and radial stress fibers (14, 16, 36) while FFSS disrupts actin stress fibers with the formation of a cortical actin ring (19, 52) . Mechanoperception in cells is associated with changes in NO, ATP, Ca 2ϩ , and PGE 2 as elements of initial cellular effects of mechanical forces (27, 29, 46, 60) . We found that the COX-2-PGE 2 -EP2 axis plays an important role in mechanoperception in podocytes, although the contribution of other pathways remains open for investigation. We also found that in vitro FFSS results in the upregulation of COX-2 and increased secretion of PGE 2 (52) and the increased expression of prostanoid receptor EP2, but not EP4 (53) , and COX-2, but not COX-1, in podocytes (50) . Results of the present work show that podocytes exposed to FFSS invoke more than one mechanism for mechanotransduction. These include Akt-GSK3␤-␤-catenin and possibly MAPK/ERK signaling, but not cAMP-PKA. We adopted a large data set analytics approach to identify multiple molecules, signaling pathways, and networks recruited in podocytes exposed to FFSS. However, such an Fig. 5 . Ingenuity Pathway Analysis outlined as trends for the nine canonical pathways that were altered in all experimental groups based on differential gene expression (P Ͻ 0.01) in each experimental group compared with control (End-FFSS vs. Control, Post-2 h FFSS vs. Control, and Post-24 h FFSS vs. Control). The rank order distribution shown in Table 4 suggests 1) an upward trend of MAPK/ERK signaling and LPS-stimulated MAPK signaling with time and 2) a downward trend of gonadotropin-releasing hormone (GNRH) signaling and cholecystokinin/gastrin-mediated signaling. CREB1  CREM  DUSP5  ECSIT  EGFR  EPHB1  ERBB2  ERK  F7  FAS  FOXO1  FOXO3  IKBKB  IKBKG  IL6  INS  Map3k7  PDGF BB  Pkc(s)  TCR  TGFB1  TLR3  TNF  TREM1   1 
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approach is also fraught with false positive signals. Therefore we used two independent bioinformatics tools, Enrichr and IPA, to identify molecules that were consistently identified using both programs. IPA and Enrichr have been used by others to identify innate and adaptive immune systems in Parkinson's disease, Alzheimer's disease, and multiple sclerosis (20) . Enrichr has also been used to identify pathways in Alzheimer's disease, hearing impairment, and thrombosis (12, 26, 32) . Initial data, facilitated by a distinct distribution of signals, were refined to obtain fewer targets common to all groups, i.e., End-FFSS and at 2 and 24 h after FFSS. The PCA and volcano plots also showed that the gene sets were well separated and expression profile was not skewed (Fig. 3) .
Additionally, Fig. 5 shows that analyses at multiple time points also enabled a convenient detection of temporal changes in signaling pathways. Table 1 shows the number of genes at different degrees of stringency used for analysis. We selected P Ͻ 0.01 as a cutoff for analysis as bioinformatics tools are considered to yield robust results when~500 differentially expressed genes are entered for analysis. Among the genes that respond early, we have previously reported an upregulation of COX-2 gene immediately after FFSS and its return to baseline by 24 h after FFSS (50) . The present array analysis also showed upregulated COX-2 (Ptgs2) gene at End-and Post-2 h FFSS but not at Post-24 h FFSS (Fig. 3A) . Several other genes besides that of COX-2 were immediately upregulated in cells treated with FFSS. Ccl7, Nr4a1, Arc, and Egr1 (Fig. 3B ) belong to immediate early genes showing rapid activation in response to a stimulus. Ccl7 is a secreted cytokine while Arc and Egr1 proteins are important for neuronal plasticity (3, 39) . Nr4a1 can be induced by various stimuli including prostaglandins, growth factors, calcium, fluid shear stress, etc. (1, 37) . Arc was identified to be critical in the dynamic changes of foot processes in podocytes in the puromycin aminonucleoside model of glomerulopathy (38) . Nr4a1 increases significantly in models of diabetic nephropathy, while transforming growth factor-␤1 (TGF␤1)-ERK1/2-Egr-1 increases in podocytes treated with high glucose (40, 62) . Thus FFSS appears to alter the expression of several genes in addition to that of COX-2, which we had identified previously. Protein phosphorylation being among the most prominent cellular responses, we looked for changes in kinases in FFSStreated podocytes. A total of 49 kinases,~9% of 540 known mouse kinases, were identified by KEA at each time point (Supplemental File B; 4) . Thus the response to FFSS involves specific kinases and not a global change in kinases. Among the most noticeable kinases in KEA, identification of GSK3␤ was further supported by PPI that included Akt1 and GSK3␤ (Table  3 and Fig. 4 ). In parallel, ␤-catenin was identified in Enrichr ChEA and IPA upstream regulators (Table 3 and Fig. 6 ). Thus the Akt-GSK3␤-␤-catenin signaling pathway is important in podocyte response to FFSS. Others have shown upregulation of ␤-catenin in podocytes under pathological conditions and abrogation of kidney injury following ␤-catenin gene deletion (13, 22, 58) .
Studies on the effect of FFSS on epithelial cells from other tissues support our findings. Osteocytes, embedded in miner-alized bone matrix, are terminally differentiated epithelial cells that express podoplanin as podocytes do. Cytoplasmic processes (dendrites) from osteocytes traverse within the canaliculi of mature bone and connect with other osteocytes and with cells on bone surface through adhesion molecules and gap junctions. Mechanistically, activation of the Wnt/␤-catenin signaling pathway is a physiological response to mechanical loading in the bone. Inactivation of GSK3␤ is required for ␤-catenin activation. Active GSK3␤ phosphorylates ␤-catenin at Ser31/33/Thr41 before ubiquitination and degradation. PGE 2 secretion appears to be an important upstream event in Wnt/␤-catenin activation in osteocytes (2, 27, 28, 45, 59) . PGE 2 engages EP2 followed by GSK3␤ phosphorylation and inactivation resulting in increased intracellular ␤-catenin that translocates to the nucleus where it binds to cofactors T cell factor (Tcf) and lymphoid enhancer-binding factor (LEF) and regulates the transcription of genes including that of COX-2 in osteocytes (2, 27, 28, 45, 59) . Thus FFSS-induced release of PGE 2 activates EP2 in osteocytes leading to activation of the Akt-GSK3␤-␤-catenin pathway (2, 9, 27, 28, 45, 59 Figure 7 shows Western blotting data that validate the predicted signaling pathway Akt-GSK3␤-␤-catenin (Ser552) in podocytes following exposure to FFSS. This EP2-mediated signaling pathway is also relevant in mediating the effect of FFSS on osteocytes. These findings are further supported by the experiments to determine the direct effect of PGE 2 on podocytes shown in Fig. 8 . Additional kinases identified using KEA and PPI included ERK1/2 ( Table 3 and Fig. 4 ) and the MAPK/ERK canonical signaling pathway by IPA (Table 4 and Fig. 5 ). MAPK/ERK signaling pathway identified by us is relevant to the effect of FFSS. Although P values were not significant, changes visualized using Western blotting (Fig. 7 ) support the role for predicted p38 MAPK/ERK signaling pathway in podocytes following exposure to FFSS. Furthermore, these changes could be replicated by exogenously adding PGE 2 to podocytes (Fig. 8) .
FFSS causes similar activation of MAPK/ERK signaling in tubular cells. As in podocytes, tensile stress and FFSS induce distinct effects on the tubular segment of the nephron. Increased tubular urine flow caused by diuretics or extracellular isotonic volume expansion causes circumferential stretch and FFSS on tubular cells. Circumferential stretch applied to cortical collecting duct decreases PGE 2 secretion while FFSS increases PGE 2 (5, 35) . FFSS, but not circumferential stretch, upregulates COX-2, neutral sphingomyelinase, endothelin, phospho-ERK, and phospho-p38 in cortical collecting duct cells (5, 18, 34, 35) .
Increased PGE 2 has been associated with the activation of cAMP-PKA, but neither Enrichr analysis nor IPA indicated upregulation of this pathway in FFSS-treated podocytes (25) . Further analysis did not detect increased cAMP levels in the media or cells, nor did we detect increased phosphorylation of PKA after FFSS (Fig. 7) . However, we did observe increased phosphorylation of PKA following incubation of podocytes with PGE 2 (Fig. 8 ). This could be due to differential responses of EP2 and EP4 receptors, both being G s -coupled membranelocalized G protein-coupled receptors that share 30% homology and activate adenylate cyclase. Under normal conditions, podocytes express predominantly EP4 and very little EP2, which is induced in cells treated with FFSS (53) . Our results do not support a significant role of the cAMP-PKA pathway in transducing the effects of FFSS in podocytes. It is possible that the changes in cAMP-PKA occur in a very early response that is being missed in our experimental design or that the cAMP-PKA pathway is recruited only at much greater FFSS than 2 dyn/cm 2 that elicited all the observed changes in podocytes. The higher FFSS (8 -16 dyn/cm 2 ) required to activate the Akt-GSK3␤-␤-catenin pathway in osteocytes does indeed seem to result in a slight upregulation of the cAMP-PKA pathway (28) .
In the large volume of data analyzed, IPA also detected "production of nitric oxide and reactive oxygen species in macrophages" and "salvage pathways of pyrimidine ribonucleotides," which we have not yet explored. However, given the relevance of NO, ATP, and Ca 2ϩ in mechanoperception, these pathways may provide important targets in podocytes (29, 46, 60) . Friedrich et al. (19) , using laminar flow at 0.25-1.75 dyn/cm 2 , found that broadband tyrosine kinase inhibitors such as genistein and AG 82 (tyrphostin A25) caused podocyte loss but not specific inhibitors such as PP2 (src family) or PD153035 (EGF receptor) suggesting that tyrosine kinases may have a role in FFSS. We detected only a few tyrosine kinases [Bruton's tyrosine kinase (BTK), receptor tyrosine-protein kinase erbB-4 (ERBB4), FGF receptor 2 (FGFR2), and JAK2 in these studies; Supplemental File B]. Huang et al. (24) applied rotational fluid movement with maximum FFSS of 10 dyn/cm 2 . They demonstrated increased phospholipase D (PLD) activity, c-Src phosphorylation, and mTOR activation suggesting the importance of the c-Src/ PLD1/mTOR pathway in podocytes exposed to FFSS. Recently, Rinschen et al. (44) suggested transcriptional coactivator Yesassociated protein (YAP) involvement in mechanotransduction in podocytes. This transcriptional factor was also present among our 151 common transcriptional factors (Table 3 ).
In summary, the present results show that mechanotransduction in podocytes involves Akt-GSK3␤-␤-catenin with a likely role of MAPK/ERK signaling, but not cAMP-PKA signaling. Our earlier work demonstrated that the COX-2-PGE 2 -EP2 axis is involved in mechanoperception, and the present work shows that predicted signaling pathways in mechanotransduction also intersect with known EP2-mediated signaling pathways ( Fig.  1 ). Our results also indicate a likely role of additional molecules, pathways, and networks in mechanotransduction that are open to the research community for investigation. These novel findings on the effects of FFSS would not only lead to a better understanding of the mechanism of hyperfiltration-mediated glomerular injury but also be clinically relevant. Currently, renin-angiotensin-aldosterone system blockers are used to decrease capillary pressure as the main approach to delay progression of CKD. Little progress has been made past these blockers to ameliorate hyperfiltration-mediated injury. Investigations into biomechanical forces in the glomerulus may translate into identification of new targets for therapeutic interventions. We believe that EP2 is a potential target for developing new interventions to mitigate hyperfiltration-mediated injury. 
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